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On-Fiber Optomechanical Cavity
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(Dated: August 18, 2018)
A fully on-fiber optomechanical cavity is fabricated by patterning a suspended metallic mirror
on the tip of an optical fiber. Optically induced self-excited oscillations of the suspended mirror
are experimentally demonstrated. We discuss the feasibility of employing on-fiber optomechanical
cavities for sensing applications. A theoretical analysis evaluates the sensitivity of the proposed
sensor, which is assumed to operate in the region of self-excited oscillations, and the results are
compared with the experimental data. Moreover, the sensitivity that is obtained in the region of
self-excited oscillations is theoretically compared with the sensitivity that is achievable when forced
oscillations are driven by applying an oscillatory external force.
PACS numbers: 46.40.- f, 05.45.- a, 65.40.De, 62.40.+ i
Optomechanical cavities, which are formed by coupling
an optical cavity with a mechanical resonator, are cur-
rently a subject of intense study.[1–3] Such systems may
allow experimental study of the crossover from classi-
cal to quantum mechanics (see Ref. [4] for a recent re-
view). In addition, optomechanical cavities can be em-
ployed in optical communications [5] and in other pho-
tonics applications.[6, 7] When the finesse of the opti-
cal cavity that is employed for constructing the optome-
chanical cavity is sufficiently high, the coupling to the
mechanical resonator that serves as a vibrating mirror is
typically dominated by the effect of radiation pressure.[1]
On the other hand, bolometric effects can contribute to
the optomechanical coupling when optical absorption by
the vibrating mirror is significant.[8–11] In general, bolo-
metric effects play an important role in relatively large
mirrors, in which the thermal relaxation rate is compara-
ble to the mechanical resonance frequency. [12–15] Phe-
nomena such as mode cooling and self-excited oscillations
[10, 13, 16–21] have been shown in systems in which bolo-
metric effects are dominant. [8–10, 12, 22, 23]
In this paper we study a novel configuration, in which
an optomechanical cavity is constructed using a single
mode optical fiber. In this configuration the vibrat-
ing mirror is fabricated on the tip of an optical fiber.
Additional static reflector is introduced in the fiber, so
that optomechanical cavity is formed. We experimentally
demonstrate that self-excited oscillations of the vibrat-
ing mirror can be induced by injecting a monochromatic
laser light into the fiber. This effect is attributed to the
bolometric optomechanical coupling between the optical
mode and the mechanical resonator.
The ability to optically induce self-excited oscillations
can be exploited for operating an on-fiber optomechan-
ical cavity as a sensor. Such a device can sense physi-
cal parameters (e.g. absorbed mass, heating by external
radiation, acceleration, etc.) that affect the resonance
frequency of the suspended mirror. The simplicity of
fabrication and operation, the small size and robustness
of such a device and the unneeded actuator coupling and
circuitry might be beneficial for future sensor applica-
tions. Further we present the on-fiber optomechanical
cavity showing self-excited oscillations, give a theoreti-
cal estimate of its sensitivity and compare it with the
measured performance.
The optomechanical cavity seen in Fig. 1 was fab-
ricated on the tip of a single mode fused silica opti-
cal fiber (Corning SMF-28 operating at wavelength λ ≈
1550 nm). The processing started from thermal evapora-
tion of chromium and then gold layers with thicknesses
of 10 and 200 nm respectively, on a flat polished tip of
a fiber, held in a zirconia ferrule. The evaporated lay-
ers were directly patterned by a focused ion beam to
the desired mirror shape (20µm wide doubly clamped
beam). Finally, the gold mirror was released by etching
the underlying silica in 7% HF acid (90 min etch time),
while the beam remained supported by the zirconia fer-
rule. The precise alignment of the micro-mechanical mir-
ror and fiber core that was achieved in this process al-
lowed robust and simple operation of the fiber-tip devices
without a need of any post fabrication positioning.
The static mirror of the optomechanical cavity was
provided by a fiber Bragg grating (FBG) mirror of high
reflectivity (the FBG stopband of 0.4 nm FWHM was
centered at λ) that is made using the phase mask tech-
nique (see Fig. 1). The length of the optical cavity
was l ≈ 10mm providing a free spectral range ∆λ =
λ2/2neff l ≈ 80 pm (where neff = 1.47 is the effective
refraction index for SMF-28); five resonant wavelengths
were located within the range of the FBG stopband.
Monochromatic light was injected into the fiber bear-
ing the cavity on its tip from a laser source with ad-
justable output wavelength (between 1525 and 1575 nm)
and power level (up to 20mW). The source was con-
nected through an optical circulator, that allowed the re-
flected light intensity to be measured by a fast responding
photodetector. The detected signal was analyzed by an
oscilloscope and a spectrum analyzer. The experiments
were performed with samples in vacuum (at residual pres-
sure below 10 mPa) thermally anchored to a cold finger
with temperature adjustable between 4 to 300 K. The
resonance frequency of the suspended mirror oscillations,
ω0 was estimated by the frequency of thermal oscillations
measured at input laser power well below the self-excited
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FIG. 1: The experimental set-up. On- fiber optomechanical
cavity excited by a tunable laser. The reflected light inten-
sity is measured and analyzed. Inset: electron micrograph of
a suspended micromechanical mirror (color code: blue-silica
fiber, yellow - gold mirror, gray-zirconia ferrule),view is tilted
by 52o .
oscillations threshold.
In Fig. 2 we present the spectral power density of the
reflected light intensity as a function of optical excita-
tion wavelength. The sharp spectral peaks that appear
just below the mechanical resonance frequency ω0 (which
is marked by a dashed line in Fig. 2) indicate the ap-
pearance of the self-excited oscillations of the vibrating
mirror. These oscillations are ”turned on” when the in-
coming laser power exceeds a threshold value and the
laser wavelength is adjusted to the regions of high (pos-
itive) slope of the cavity reflectance spectrum (Fig. 2,
solid curve). The sign of the reflectivity slope suggests
that the beam is buckled.[24]
To estimate the sensitivity of such a sensor that is
based on optomechanical cavity the phase noise of the
self-excited oscillations is theoretically evaluated below,
and the results are compared with experimental data. In
general, the resonant detection with a mechanical res-
onator is a widely employed technique in a variety of
applications.[25–28] A detector belonging to this class
typically consists of a mechanical resonator, which is
characterized by an angular resonance frequency Ω and
characteristic damping rate Γ. Detection is achieved by
coupling the measured physical parameter of interest, de-
noted as p, to the resonator in such a way that Ω becomes
effectively p dependent, i.e. Ω = Ω (p). The sensitivity
of the detection scheme that is employed for monitor-
ing the parameter of interest p can be characterized by
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FIG. 2: The self-excited oscillations visible as sharp peaks
(dark gray regions on colormap, marked by arrows) in re-
flected power spectrum are obtained at optical excitation
wavelengths corresponding to positive slope of the sample
reflectivity (shown by a solid curve). The self-excited oscil-
lations frequency is slightly below the estimated mechanical
resonance frequency, indicated by a dashed line. Zoom-in to
a self-excited oscillations peak (marked by a rectangle) and
estimation of sensitivity factor Jy are shown in the inset.
the minimum detectable change in p, denoted as δp. For
small changes, δp is related to the normalized minimum
detectable change in the frequency σy = δΩ/Ω by the
relation δp = |∂Ω/∂p|
−1
Ωσy. The dimensionless param-
eter σy, in turn, typically depends on the noise in the
system and on the averaging time τ that is employed for
the measurement.
A commonly employed detection scheme is based on
externally driving the resonator with a monochromatic
force at a frequency close to the resonance frequency
and employing homodyne detection for monitoring the
response. For this detection scheme the normalized min-
imum detectable change in the frequency σy is found to
be given by [29]
σy =
(
2ΓkBTeff
U0Ω2τ
)1/2
, (1)
where kB is the Boltzmann’s constant, Teff is the noise
effective temperature and U0 is the energy stored in the
externally driven resonator in steady state. Note that
Eq. (1) is derived by assuming that the response of the
resonator is linear and by assuming the classical limit,
i.e. kBTeff ≫ ~Ω. The generalization of Eq. (1) for the
case of nonlinear response is discussed in Ref. [30].
In some cases applying external driving is technically
difficult. For example, for the case of the on-fiber op-
tomechanical cavity, external driving that is based on ca-
pacitive coupling requires electrical wiring to the device
that is located on the tip of the fiber as well as a closely
positioned reference electrode. On the other hand, these
difficulties can be avoided by exploiting the back-action
effects resulting from optomechanical coupling, which can
be used for optically inducing self-excited oscillations of
the mechanical resonator.[22] This method, which signif-
3icantly simplifies the operation since no oscillatory ex-
ternal drive is needed, can be employed as an alternative
resonant detection scheme.
In the limit of small displacement, the dynamics of
the system can be approximately described using a sin-
gle evolution equation.[23] The theoretical model that is
used to derive the evolution equation is briefly described
below. Note that some optomechanical effects that were
taken into account in the theoretical modeling [23] were
found experimentally to have a negligible effect on the
dynamics [22] (e.g. the effect of radiation pressure). In
what follows such effects are disregarded.
The micromechanical mirror in the optical cavity is
treated as a mechanical resonator with a single degree of
freedom x having mass m and damping rate γ0 (when it
is decoupled from the optical cavity). It is assumed that
the angular resonance frequency ωm of the mechanical
resonator depends on the temperature T of the suspended
mirror. For small deviation of T from the base temper-
ature T0 (i.e. the temperature of the supporting sub-
strate) ωm is taken to be given by ωm = ω0−β (T − T0),
where β is a constant. Furthermore, to model the effect
of thermal deformation [10] it is assumed that a temper-
ature dependent force given by Fth = θ (T − T0), where
θ is a constant, acts on the mechanical resonator. The
mechanical oscillator’s equation of motion is given by
x¨ + 2γ0x˙ + ω
2
mx = Fth, where an overdot denotes dif-
ferentiation with respect to time.
The time evolution of the effective temperature T
is governed by the thermal balance equation T˙ =
κ (T0 − T ) + ηPLI (x), where η is the heating coefficient
due to optical absorption, κ is the thermal rate, PL is
the injected laser power and PLI (x) is the intra-cavity
optical power incident on the suspended mirror, which
depends on the mechanical displacement x (i.e. on the
length of the optical cavity) due to the effect of op-
tical interference. For small x the expansion I (x) ≃
I0 + I
′
0x + (1/2) I
′′
0 x
2 is employed, where a prime de-
notes differentiation with respect to the displacement x.
This model neglects the mechanical nonlinearities of the
resonator, i.e. it is assumed that nonlinear behavior ex-
clusively originates from bolometric optomechanical cou-
pling.
The displacement x (t) can be expressed in terms of
the complex amplitude A as x (t) = x0 + 2ReA, where
x0, which is given by x0 = ηθPLI0/κω
2
0, is the optically-
induced static displacement. For small displacement the
evolution equation for the complex amplitude A is found
to be given by [23]
A˙+ (Γeff + iΩeff)A = ξ (t) , (2)
where both the effective resonance frequency Ωeff and the
effective damping rate Γeff are real even functions of |A|.
To second order in |A| they are given by
Γeff = γ0 +
ηθPL
2ω20
I ′0 +
ηβPL
4ω0
I ′′0 |A|
2
, (3)
Ωeff = ω0 −
ηβPL
κ
I0 −
ηβPL
κ
I ′′0 |A|
2
. (4)
The above expressions for Γeff and Ωeff are obtained
by making the following assumptions βx0 ≪ θ/2ω0,
θκ2 ≪ βω30λ and κ ≪ ω0, which typically hold
experimentally.[22] The fluctuating term [31] ξ (t) =
ξx (t) + iξy (t), where both ξx and ξy are real, repre-
sents white noise and the following is assumed to hold
〈ξx (t1) ξx (t2)〉 = 〈ξy (t1) ξy (t2)〉 = 2Θδ (t1 − t2) and
〈ξx (t1) ξy (t2)〉 = 0 where Θ = γ0kBTeff/4mω
2
0 and where
Teff is the effective noise temperature.
In cylindrical coordinates A is expressed as A =
Are
iAθ , where Ar = |A| and where Aθ is real.[32] The
equations of motion for Ar and for Aθ are given by [see
Eq. (2)] A˙r + ArΓeff = ξr (t) and A˙θ + Ωeff (Ar) =
(1/Ar) ξθ (t), where the fluctuating terms satisfy the
following relations 〈ξr (t1) ξr (t2)〉 = 〈ξθ (t1) ξθ (t2)〉 =
2Θδ (t1 − t2) and 〈ξr (t1) ξθ (t2)〉 = 0.
By introducing the notation Γ0 = γ0+ηθPLI
′
0/2ω
2
0 and
Γ2 = ηβPLI
′′
0 /4ω0 one can express the effective damp-
ing rate Γeff as [see Eq. (3)] Γeff = Γ0 + Γ2A
2
r . Con-
sider the case where I ′0 < 0 and where I
′′
0 > 0. For
such a case a supercritical Hopf bifurcation occurs when
Γ0 vanishes, i.e. for a critical value of the laser power
given by PLC = −2ω
2
0γ0/ηθI
′
0. The self-excited oscilla-
tions emerge above the threshold, i.e. when Γ0 becomes
negative, with steady state value of Ar (when noise is
disregarded) given by r0 =
√
−Γ0/Γ2, . In terms of the
laser power r0 can be expressed as
r0 = λ
√
−
2θ
βω0λ
I ′0
λI ′′0
∆PL
PL
, (5)
where ∆PL = PL − PLC.
Using the notation Ar = r0 + ρ one finds to lowest
nonvanishing order in ρ that ArΓeff = −2Γ0ρ + O
(
ρ2
)
.
Moreover Ωeff = ΩH + ζρ+O
(
ρ2
)
, where ΩH = Ωeff (r0)
and where ζ = dΩeff/dAr at the point r0. To lowest non-
vanishing order in ρ the equations of motion for Ar and
Aθ become ρ˙−2Γ0ρ = ξr (t) and φ˙+ζρ = r
−1
0 ξθ (t), where
φ = Aθ +ΩHt. In steady state (i.e. in the limit t → ∞)
the solution for ρ reads ρ (t) =
∫ t
0
e2Γ0(t−t1)ξr (t1) dt1.
The correlation function of ρ (t) is found to be given by
〈ρ (t1) ρ (t2)〉 = − (Θ/2Γ0) e
2Γ0|t1−t2|, and thus the cor-
relation function of φ˙ is given by〈
φ˙ (t1) φ˙ (t2)
〉
= Θ
[
ζ2e2Γ0|t1−t2|
2 |Γ0|
+ 2
Γ2
|Γ0|
δ (t1 − t2)
]
.
(6)
With the help of the above result together with Wiener-
Khinchine theorem one finds that power spectrum Sφ˙ (ω)
of φ˙ is given by
Sφ˙ (ω) =
1
pi
Θζ2
4Γ20 + ω
2
+
ΘΓ2
pi |Γ0|
. (7)
4The signal y (t) ≡ φ˙/ΩH represents the normalized
deviation of the momentary angular frequency Ω + φ˙
from its average value. The average value of y (t) is
estimated by monitoring the signal y (t) in a time in-
terval τ , i.e. yˆ (τ) = τ−1
∫ τ/2
−τ/2
dt y (t). In the limit
of steady state, i.e. when τ ≫ 1/ |Γ0|, the variance of
the estimator yˆ (τ) is given by σ2y (τ) = 2piSy (0) /τ , thus
σ2y (τ) =
(
2Θ/Ω2Hr
2
0τ
) (
1 + ζ2/4 |Γ0|Γ2
)
. Note that due
to the fact that in the present case Sφ˙ (ω) remains fi-
nite in the limit ω → 0 the above defined variance σ2y (τ)
is identical to the Allan variance.[33–35] With the help
of Eq. (4) one finds that ζ2/4 |Γ0|Γ2 = (4ω0/κ)
2. The
assumption that κ≪ ω0 [22] leads to
σy (τ) =
4ω0
κ
(
2γ0kBTeff
U0ω20τ
)1/2
, (8)
where U0 = 4mΩ
2
Hr
2
0 is the energy stored in the self-
excited resonator in steady state close to the threshold.
The comparison with Eq. (1) indicates that σy (τ) for
the case of optically induced self-excited oscillations is
roughly 4ω0/κ times larger compared with the case of
external drive for the same values of U0 and Teff .
In general, the sensitivity factor Jp of a physical pa-
rameter p is given by Jp = |∂ logΩ/∂p|
−1
Jy, where
Jy = σyτ
1/2 represents the sensitivity factor of the pa-
rameter y. The factor Jy as function of PL is experi-
mentally measured using an on-fiber optomechanical cav-
ity device, in which the mechanical mirror covers almost
the entire fiber cross section. Self-excited oscillation as
a function of input power has been observed above a
threshold value of PLC = 8.7mW [see Fig. 3 (a)]. To
experimentally determine the factor Jy the reflected op-
tical power is recorded over a time period of 2ms using an
oscilloscope. The standard deviation σy, which is found
by the zero-crossing technique [34], allows evaluation of
the factor Jy = σyτ
1/2. The frequency of self-excited os-
cillations ΩH/2pi and the sensitivity factor Jy are plotted
vs. laser power PL in panels (a) and (b) respectively of
Fig. 3. The red solid line in panel (a) represents a theo-
retical fit that is based on Eq. (4) and the one in panel
(b) is based on Eqs. (5) and (8). The experimental pa-
rameters that have been employed in both cases are listed
in the figure caption. Similar measurements of the factor
Jy with other on-fiber devices (e.g. results shown in the
inset of Fig. 2) as well as with devices that were made
on a wafer have yielded values having the same order of
magnitude [as in the data seen in Fig. 3(b)].
In summary, optically induced self-excited oscillations
of suspended mirror fabricated on tip of an optical fiber
were experimentally demonstrated. Based on previously
developed model of bolometrically coupled optomechan-
ical cavity we estimated the sensitivity of a detector ex-
ploiting the self-excited oscillations effect. The fabri-
cation and operation simplicity of self-excited oscillat-
ing optomechanical detectors in many cases compensates
the possible degradation in sensitivity compared to tra-
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FIG. 3: The frequency of self-excited oscillations ΩH/2pi
[panel (a)] and the sensitivity factor Jy [panel (b)] vs. laser
power PL. The blue cross marks represent experimental data,
the red solid lines represent a theoretical fit that is based
on the following experimental parameters: κ = 22 × 103 Hz,
m = 30 × 10−12 kg, λ = 1.55µm, Teff = 300K, Ω/Γ = 10
3,
|I ′0| /λI
′′
0 = 0.8, β = 10
4 s−1K−1, θ = 1.6 × 10−3 Nkg−1K−1
and η = 3.5× 106KJ−1.
ditional externally actuated resonator.
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